Summary Saplings of six Finnish hybrid aspen (Populus tremuloides Michx. × P. tremula L.) clones were exposed to 0, 50, 100 and 150 ppb ozone (O 3 ) for 32 days in a chamber experiment to determine differences in O 3 sensitivity among genotypes. Based on the chamber experiment, three clones with intermediate sensitivity to O 3 were selected for a free-air O 3 enrichment experiment in which plants were exposed for 2 months to either ambient air (control) or air containing 1.3 × the ambient O 3 concentration. We measured stem height and radial growth, number of leaves, dry mass and relative growth rate of leaves, stem and roots, visible leaf injuries, net photosynthesis and stomatal conductance of the clones. There was high clonal variation in susceptibility to O 3 in the chamber experiment, indicated by foliar injuries and differential reductions in growth and net photosynthesis. In the free-air O 3 enrichment experiment, ozone caused a shift in resource allocation toward stem height growth, thereby altering the shoot to root balance. In both experiments, low O 3 concentrations tended to stimulate growth of most clones, whereas 100 and 150 ppb O 3 in the chamber experiment impaired growth of most clones. However, growth of the most O 3 -tolerant clone was not significantly affected by any O 3 treatment.
Introduction
Several studies have indicated that projected climate change will impact strongly on forest growth and composition (e.g., Wuebbles et al. 1999 , Kirschbaum 2000 , Lindner 2000 . In Finland, climate warming and associated increases in precipitation and carbon dioxide (CO 2 ) concentration are expected to increase forest productivity (e.g., Kellomäki et al. 1996 , Talkkari 1998 ; however, several risk factors related to increasing concentrations of greenhouse gases (e.g., CO 2 and ozone (O 3 )) exist. Model evaluations of global climate change predict a 1-2% annual increase in the concentrations of tropospheric O 3 and CO 2 in the northern hemisphere (e.g., Chameides et al. 1994 , Reilly et al. 1999 . The Finnish Forest Research Institute (1999) has identified increased tropospheric O 3 concentration as a major risk factor to forest health and long-term stand development, structure, stability, and biodiversity (cf. Skärby et al. 1998 , Matyssek and Innes 1999 , Fuhrer 2000 .
In Finland, deciduous trees with indeterminate, continuous growth (e.g., birch and aspen) are predicted to benefit from climate change more than conifers with determinate growth (Kellomäki et al. 1996) . Finnish aspen and hybrid aspen (Populus tremuloides Michx. × P. tremula L.) are increasing in economic importance because of their high growth rates, the ease with which they can be established on reforested sites and their increasing value as a raw material for the production of wood and paper products (Hynynen and Viherä-Aarnio 1999) . In addition, aspen contributes to forest biodiversity because of its abundant, alkaline leaf litter, which favors soil organisms, and its relatively open canopy, which results in increased ground plant species diversity and creates a favorable environment for bird species (Ympäristöministeriö 2000) . Because experiments in Europe and the USA have indicated that Populus species may be susceptible to elevated concentrations of O 3 and CO 2 , it is essential to test commercial Finnish clones for environmental stress resistance to ensure that adaptable and tolerant genotypes are widely used in large-scale plantations.
In hybrid poplar, typical responses to elevated O 3 concentrations include decreased shoot growth and leaf size, premature defoliation, necrotic leaf symptoms, impaired stomatal control of water loss, and reduced net photosynthesis, dark respiration, leaf chlorophyll concentration and water-use efficiency (e.g., Jensen and Dochinger 1974 , Mooi 1980 Matyssek et al. 1993a , Woolbury et al. 1994 , Pell et al. 1999 . Ozone-induced growth reductions in hybrid poplar range from 4 to 50%, depending on the exposure regime and plant origin (Jensen and Dochinger 1974, Mooi 1980) . Accelerated loss of Rubisco protein has also been reported in O 3 -treated plants, caused predominantly by oxidative modifications and enhanced degradation of Rubisco (Landry and Pell 1993, Brend-ley and Pell 1998) . In Populus × euramericana (Dode) Guinier, visible, O 3 -induced leaf injuries are related to oxidative-stress-induced changes and thickening of mesophyll cell walls, as well as reduced starch content and cell collapse (Günthardt-Goerg 1996 .
Exposure of trembling aspen (Populus tremuloides) to O 3 in open-top chambers reduces stem biomass by 0-5% in O 3 -tolerant clones and by 46-74% in O 3 -sensitive clones (Karnosky et al. 1992 , Dickson et al. 1998 . In addition to reducing biomass accumulation and leaf life span (Keller 1988) , exposure to elevated O 3 concentrations accelerates the seasonal decline in gas exchange (Clark et al. 1996) . A coordinated reduction in the physiological activity of O 3 -stressed leaves is suggested based on the correlative reductions in photosynthetic capacity, stomatal conductance and carboxylation efficiency. Field experiments have provided evidence that natural selection for ozone tolerance has occurred within trembling aspen populations in some of the most polluted areas of the eastern USA (Berrang et al. 1986 (Berrang et al. , 1991 . In the lower Great Lakes region, rapid and significant changes in competitive ability and fitness under prevailing ozone concentrations have been demonstrated in regenerating forests . Thus, the results for trembling aspen suggest a widespread depression of forest productivity in the USA even under ambient air pollutant conditions (Wang et al. 1985, Chappelka and Samuelson 1998) . In European aspen (Populus tremula), O 3 exposure causes reduced branch length and leaf size, premature leaf loss and necrotic leaves, accompanied by declines in photosynthetic capacity, carboxylation efficiency and water-use efficiency (Matyssek et al. 1993b) .
We examined intraspecific variation in physiological and growth responses of Finnish hybrid aspen to elevated O 3 concentrations, first in a preliminary screening experiment in chambers with four ozone concentrations (0-150 ppb), and then in a free-air ozone exposure facility, where plants were exposed to ambient air (control) or 1.3 × ambient O 3 concentration, equivalent to the concentration that may be common in Finland within two decades. Hybrid aspen was studied for several reasons: (1) it is increasing in ecological and economic importance in Finland; (2) there are several clones commercially produced for forestry use by the Finnish Foundation for Forest Tree Breeding; and (3) O 3 sensitivity of Finnish hybrid aspen has not been assessed.
Materials and methods

Chamber experiment
Two-month-old saplings of six micropropagated, fast-growing hybrid aspen (Populus tremuloides × P. tremula) clones (50, 55, 110, 200, 257, 261) , about 0.15 m in height, were transplanted to 1-l pots filled with a 3:1 (v/v) mixture of fertilized Sphagnum peat (VapoGro Ltd., East Sussex, U.K.) and refined sand. These fast-growing clones were selected by The Foundation for Forest Tree Breeding (Finland) from experimental forests in southern Finland, where seedlings have been micropropagated by Biotaimi Ltd., Muuruvesi. Clones 50 and 55 originated from Anjalankoski (60°45′ N, 26°40′ E), Clone 110 from Lapinjärvi (60°40′ N, 26°15′ E), Clone 200 from Nurmijärvi (60°30′ N, 24°30′ E), and Clones 257 and 261 from Vaajakoski (62°15′ N, 26°50′ E). Ten saplings per clone per treatment were randomly transferred to four temperature-, light-, and humidity-controlled, 2.6-m 3 Bioklim 2600T chambers (Kryo-Service Oy, Helsinki, Finland). Air exchange in the chambers was 250 ± 5 l min -1 , day/night temperature was 19 ± 1.2/12 ± 1°C, and humidity was 60 ± 5%, with a photoperiod of 22 h and photon flux densities (PPFD) at crown-level of 500 ± 50 µmol m -2 s -1 . The saplings were grown in filtered air (control) or fumigated with 50, 100 or 150 ppb O 3 for 12 h day -1 (between 0800 and 2000 h) from March 9 to April 8, 1999 (32 days). Ozone was generated from pure oxygen with a Fisher OZ500 generator (Meckenheim, Bonn, Germany) and continuously monitored with a Dasibi 1008-RS analyzer (Dasibi Environmental Corp., Glendale, CA). A summary of O 3 treatments with the cumulative ozone exposures (ppm⋅h, calculated for 24 h per day), the 24-h mean O 3 concentrations and maximum values (ppb) are presented in Table 1 . The plants were watered with tap water and fertilized with a 0.2% solution of Superex 9 (19:5:20 N,P,K, Kekkilä, Finland, 0.2 l plant -1 ) once a week. Twice a week in the morning (0700-0800 h) before the start of fumigation, the plants and O 3 treatments were rotated among the chambers to eliminate chamber effects. In addition, the position of plants was randomized during each rotation.
Free-air O3 enrichment experiment
Three hybrid aspen clones (Clones 50, 110 and 200) showing intermediate O 3 sensitivity in the chamber experiment were selected for the free-air O 3 exposure experiment, which was conducted the following growing season to determine responses to O 3 stress. Twenty 4-month-old (height about 0.5 m) saplings per clone per treatment were transplanted from small containers to 15-l pots containing a similar soil mixture as described for the chamber experiment. The potted plants were grown in a greenhouse (O 3 concentration 20-28 ppb) until May 15, and thereafter gradually acclimated to outdoor conditions at ambient O 3 concentrations. At the start of the free-air O 3 exposure treatment on June 9, 1999, the plants were randomly divided into two control blocks (ambient air) and two O 3 treatment blocks at the Kuopio University experimental area in central Finland (62°54′ N, 27°40′ E). The exposure blocks were 10 m in diameter, and the gas release equipment consisted of six horizontal main tubes with six vertical perforated gas releasing tubes. Each main component was connected to one blower and one gas supply tube, which was regulated by an automated, feedback-controlling magnetic valve. Ozone was produced from pure oxygen (Fisher OZ500 generator) and ozone concentrations were continuously monitored with a Dasibi 1008-RS analyzer from four sampling points within each exposure area. Fumigations were carried out day and night (except during rain or during high or low (< 1 m s -1 ) wind speeds) and elevated O 3 concentrations were maintained at 1.3 × ambient concentrations (target set by predictions of near-future concentrations in Finland), following natural diur-nal and seasonal fluctuations. For further detailed technical information, see Wulff et al. (1992) . The cumulative O 3 exposures (ppm⋅h, calculated for 24 h per day) and the 7-h (1100-1800 h) and 24-h mean concentrations and maximum values (ppb) are given in Table 1 . The saplings were irrigated every day except when it rained, fertilized weekly with 0.2% Superex 9 (0.5 l plant -1 ) until July 2, and rotated within blocks throughout the experiment, until harvest on August 9. At each rotation, the positions of the plants were randomized.
Measurements in the chamber experiment
At final harvest on April 8, 1999, all plants in the chamber experiment were assessed for visible O 3 injury (% of all retained leaves), height growth, and dry masses of leaves, stems and roots. Mean relative growth rates (RGR) of shoot and roots were calculated as: RGR = (ln(final dry mass) -ln(mean initial dry mass))/number of days, where the initial dry masses were determined for 10 additional saplings per clone before the start of the exposure. Ozone-induced injuries to leaves were visible as brown or black necrotic spots and flecks appearing on the adaxial side, as described previously, e.g., Günthardt-Goerg et al. (1996) .
Net photosynthesis was measured on March 22 and 29 and on April 6 with a CI-510 portable photosynthesis system (CID, Inc., Vancouver, WA) equipped with a four-cell, nondispersive infrared gas analyzer. Three fully expanded stemattached leaves (leaf position from fourth to sixth from the top at the first measurement) per plant were measured at light saturation (1200 µmol m -2 s -1 ) provided by an LED light module after determining the light-response curve (between 0 and 2200 µmol m -2 s -1 ) and steady-state rate of photosynthesis. The same leaves were measured throughout the experiment. During measurements, changes in CO 2 concentration, water vapor, light, humidity and temperature were monitored with an automatic sensing and data recording system. The CO 2 concentration during measurements was maintained between 320 and 330 ppm, leaf temperature was 23.1 ± 0.2°C and RH was 60 ± 6.1%. Replicate data were averaged for each plant.
Measurements in the free-air O3 enrichment experiment
After 2 months of free-air O 3 enrichment treatment, the saplings were harvested on August 9, 1999, for biomass analysis. Stem height growth, diameter at 1.3 m height, number of leaves, dry mass of leaves, stem and roots, and RGR of stem, leaves and roots were determined as described for the chamber experiment. Ten additional plants per clone were harvested at the beginning of the experiment to obtain the initial dry mass of each clone. Initial stem height was determined for each test plant at the beginning of the experiment to allow calculation of stem height increments during the experiment.
During the free-air O 3 enrichment experiment, three mature stem-attached sun leaves in the mid-canopy of each plant were measured for stomatal conductance three times during appropriate sunny and dry weather conditions (temperature ranging from 20 to 25°C and low wind speed (< 1 m s -1 )) on June 24-26, July 7-10 and July 15-16 between 1000 and 1500 h with an LI-1600 steady state porometer (Li-Cor, Inc., Lincoln, NE).
Statistical analyses
The chamber experiment comprised a factorial design of six clones × four O 3 concentrations, whereas the field experiment design consisted of three clones × two O 3 concentrations. In both experiments, chamber and block effects were eliminated by repeated rotation and randomization of plant position, allowing us to use a one-way analysis of variance (ANOVA) combined with Tukey's multiple range test to evaluate differences in mean growth between treatments. Repeated ANOVA procedures were used to analyze the differences in net photosynthesis and stomatal conductance, whereas non-parametric Kruskall-Wallis one-way ANOVA was used to assess relative proportions of visibly injured leaves. Significance of O 3 × clone interactions was tested by two-way ANOVA. The most important growth parameters were regressed against O 3 concentrations in the chamber experiment to determine the most sensitive clones. The data were logarithmically transformed for the tests when necessary (relative growth rates). The experimental unit was 10 saplings per clone per treatment. Differences were considered significant at P < 0.05. (Table 2) . Among treatments, the greatest proportion of damaged leaves in Clones 257 and 261 was observed in the 100 ppb O 3 treatment. In the 150 ppb O 3 treatment, most damaged leaves were shed (Table 2) , suggesting that high O 3 concentrations accelerated leaf senescence. In most clones, height growth relative to that of control plants was slightly stimulated by 50 ppb O 3 , but was reduced by 3 to 24% in the 100 ppb O 3 treatment (Table 2) . Height growth reductions between 17% (Clone 55) and 53% (Clone 261) were observed in response to exposure to 150 ppb O 3 (Table 2). Similarly, compared with that of the controls, shoot dry mass was slightly (significantly in Clone 55) higher in the 50 ppb O 3 treatment in all clones except Clone 261, where a 21% reduction was observed. Shoot dry mass decreased by 6-38% in response to exposure to 100 ppb O 3 (except in Clone 55), whereas 150 ppb O 3 resulted in shoot dry mass reductions ranging between 13% (Clone 55) and 65% (Clone 261) (Table 2). These O 3 -induced changes in shoot biomass were accompanied by changes in dry mass of leaves and stem (Table 2) and were correlated with changes in root biomass. Root dry mass increased in response to exposure to 50 ppb O 3 (except in Clone 261), whereas exposure to 100 ppb O 3 caused reductions of 6% (Clone 55) to 44% (Clone 257), compared with reductions of 26-77% in response to exposure to 150 ppb O 3 . Corresponding O 3 -induced changes were observed in RGR of shoot, root (data not shown) and total plant biomass (Figure 1 ). Shoot/root biomass ratio was unaffected by exposure to 50 or 100 ppb O 3 , whereas exposure to 150 ppb O 3 increased the shoot/root biomass ratio significantly in Clones 110 and 257 (Table 2 ). In addition, stem dry mass/height ratio was consistently decreased by exposure to 150 ppb O 3 : 41% in Clone 50, 21% in Clone 55, 40% in Clone 110, 12% in Clone 200, 18% in Clone 257 and 50% in Clone 261.
Results
The chamber experiment
When height increment, dry mass of shoot and roots and total-plant RGR were regressed against O 3 concentrations, significant linear regressions were determined for all parameters in Clone 261 and all except total-plant RGR in Clone 257 (Table 3). In the other clones, significant regressions were found only in total-plant RGR (Clone 50) and in height increment (Clone 200) (Table 3) . Thus, on the basis of the growth data, Clones 257 and 261 were the most sensitive to O 3 , whereas Clone 55 was the most O 3 -tolerant genotype. Clone 50 was sensitive to O 3 , especially at high (150 ppb) O 3 concentrations (Tables 2 and 3 ).
There were significant ozone × clone interactions for dry mass of leaves (P < 0.030), height increment (P < 0.002), shoot RGR (P < 0.031) and total-plant RGR (P < 0.046).
At the first measurement of net photosynthesis (13 days after the start of O 3 exposure), responses to 50 and 100 ppb O 3 varied from a 26% increase (Clone 110) to a 34% decrease (Clone 261), whereas 150 ppb O 3 resulted in a 12% (Clone 200) to 69% (Clone 261) decrease in net photosynthesis (Table 4). At the second measurement date (20 days after the start of O 3 exposure), all clones showed decreased photosynthesis (0.6% for Clone 50 to 31% for Clone 261) in the 50 and 100 ppb ozone treatments, and the 150 ppb O 3 treatment resulted in significant reductions in photosynthesis (32% for Clone 261 to 48% for Clone 55). At the last sampling date (28 days after the start of exposure), the selected leaves were senescing and showed considerably lower photosynthetic rates compared with earlier in the experiment (time effect for photosynthesis, P < 0.001), and significant O 3 -induced reductions were observed only in Clones 200, 257 and 261 (Table 4). Based on the gas exchange data, Clones 257 and 261 were susceptible to ozone damage, and Clone 55 also showed susceptibility to ozone damage in contrast to its ranking based on growth and foliar injury data.
The free-air O3 enrichment study
On the basis of the chamber experiment, Clones 50, 110 and 200, which showed intermediate sensitivity to O 3 , were selected for the free-air O 3 enrichment experiment. Significant O 3 -induced increases in height growth were found in Clones 110 (13%) and 200 (27%) that were accompanied by slight, although not significant, increases in the number of leaves, stem diameter at 1.3 m height, dry mass and leaf RGR (Table 5). Dry mass, stem RGR and total-plant RGR were negligibly affected by the O 3 treatment, whereas root growth was reduced in Clones 110 and 200, leading to a significant increase in shoot/root biomass ratio (Figure 2) . Consistent with the chamber experiment, within the shoot, allocation toward height growth at the expense of radial stem growth was observed as a 13-17% reduction in stem dry mass/height growth ratio in Clones 110 and 200 (Table 5) difference was not observed among the younger seedlings in the chamber experiment), whereas shoot biomass was similar among the three clones. In all clones, the O 3 treatment significantly increased stomatal conductance at the first sampling date in June, whereas it significantly reduced stomatal conductance at the later sampling dates (except in Clone 110 on July 15) (Figure 3 ). Ozone concentrations in the free-air O 3 enrichment experiment were too low to induce visible leaf injuries, and there was no significant time effect on repeated stomatal conductance measurements.
Significant O 3 × clone interactions in the free-air O 3 enrichment experiment were found only in stem height increment (P < 0.006).
Discussion
In the chamber experiment, there was high variability in O 3 sensitivity among the six Finnish hybrid aspen genotypes. Low concentrations of O 3 (50 ppb in the chamber experiment and 1.3 × ambient in the free-air O 3 exposure study) generally stimulated growth, whereas higher concentrations (> 100 ppb) led to negative O 3 responses, appearing as visible leaf injuries, reduced growth and gas exchange, and increased shoot/root biomass ratio. At low O 3 concentrations, in addition to positive growth effects, subtle changes in whole-tree architecture 1176 OKSANEN, AMORES, KOKKO, SANTAMARIA AND KÄRENLAMPI TREE PHYSIOLOGY VOLUME 21, 2001 Table 4 . Effects of ozone on photosynthesis (µmol m -2 s -1 ) of hybrid aspen clones in the chamber experiment, where temperature in the chambers was 19°C and PPFD at crown-level was 500 µmol m -2 s -2 . Values are means (SE); n = 10. Significant differences are indicated by different letters (repeated ANOVA).
Date
Ozone ( 9.9 a 9.9 a 4.7 a 6.9 a 7.1 b 2.7 a (0.2) (0.5) (0.3) (0.4) (0.3) (0.9) 100 6.9 a 8.9 a 5.5 a 7.1 a 3.9 a 2.1 a (0.7) (0.6) (0.4) (1.3) (0.8) (0.7) 150 9.7 a 10.4 a 5.1 a 8.4 a 3.5 a 2.5 a
favoring stem height growth at the expense of stem radial and root growth were observed. Karnosky et al. (1996) reported growth enhancement in response to low O 3 concentrations in some trembling aspen clones. In addition, evidence of short-term stimulation of the amount and rate of synthesis of Rubisco has been found in young O 3 -exposed leaves of hybrid poplar (Brendley and Pell 1998) . In response to exposure to low O 3 concentrations, O 3 -tolerant clones of birch (Betula pendula Roth) exhibit acclimation and compensation for stress as increases in shoot height growth, number of emerging buds, stomatal conductance, and Rubisco and soluble protein concentrations (Pääk-könen et al. 1993 , Oksanen and Saleem 1999 , Oksanen and Rousi 2001 moore 1991), northern red oak (Quercus rubra L.) (Samuelson et al. 1996) and loblolly pine (Pinus taeda L.) .
Stimulatory effects of O3
Differential ozone responses of aspen clones
Genetic differences in susceptibility to O 3 among Populus clones have been reported (e.g., Berrang et al. 1986 , 1991 , Karnosky et al. 1992 , 1996 , Coleman et al. 1995a , 1995b , Kull et al. 1996 , Dickson et al. 1998 . Dickson et al. (2000) reported that exposure of trembling aspen clones to O 3 led to decreased shoot dry mass/length ratio and shoot diameter, causing current terminals and long shoots to droop. Similarly, O 3 -induced reductions in shoot dry mass/height growth ratio were evident in several clones in our chamber experiment as well as in two clones in the free-air O 3 enrichment experiment. reported that the relative volume (d 2 h) growth of an O 3 -sensitive trembling aspen clone in the Lake States, USA, was 0.1, 44 and 63% lower compared with an O 3 -tolerant clone at sites with low, medium and high ambient O 3 concentrations, respectively. These growth reductions were accompanied by corresponding increases in foliar visible injuries (Karnosky et al. 1999) , severe degradation of epicuticular waxes and lower droplet contact angle (leaves more wettable) in O 3 -sensitive clones subjected to O 3 stress . According to Coleman et al. (1995a) , the negative effects of O 3 on growth of aspen clones are largely determined by decreased photosynthetic productivity, and the differences in O 3 responses among clones are related to the maintenance of a high photosynthetic rate in recently mature leaves (Coleman et al. 1995b) . Similarly, we found that, among clones, the greatest O 3 -induced growth reductions in Clones 259 and 261 in the chamber experiment were accompanied by the largest decreases in net photosynthesis. In addition, compared with control plants, gas exchange rates were highest in the O 3 -tolerant clone and lowest in the O 3 -sensitive clone throughout the study.
Relationship between ozone sensitivity and various physiological, biochemical and molecular processes
van Hove et al. (1999) concluded that differences in stomatal pore radius partly explain the large differences in O 3 sensitivity among hybrid aspen cultivars. However, our data on stomatal conductance do not support this conclusion. Although hybrid poplars are known to have relatively high stomatal conductances, as also found in our Finnish hybrid aspen clones, differential sensitivity to O 3 among genotypes cannot be explained solely on the basis of gas uptake (Pell et al. 1999 ). According to Nali et al. (1998) to strong stomatal closure, impairment in fluorescence parameters and disruption of the plasmalemma leading to leakage of cell contents into the intercellular spaces. Furthermore, recovery of photosynthesis after O 3 stress in an O 3 -resistant hybrid aspen clone was associated with more rapid repair mechanisms compared with the O 3 -sensitive clone (Nali et al. 1998 ). Decay of O 3 through direct reaction with cell wall ascorbate was insufficient to explain differences in O 3 sensitivity between two hybrid poplar clones according to Ranieri et al. (1999) , or among four deciduous tree species according to Pell et al. (1999) . However, O 3 -induced cell death and lesion formation in an O 3 -sensitive clone were caused by lack of induction of antioxidant defense processes (Koch et al. 1998 (Koch et al. , 2000 . Associated with programmed cell death, O 3 -induced mRNA abundance for phenylalanine ammonia-lyase, pathogenesisrelated proteins and wound-inducible genes was significantly higher in an O 3 -tolerant clone, triggering a salicylic aciddependent hypersensitive response against oxidative stress (Koch et al. 1998 (Koch et al. , 2000 .
Changes in tree architecture
In the free-air O 3 enrichment experiment, O 3 -induced shifts in carbon allocation at the expense of roots were manifested as increased shoot/root biomass ratio, and were accompanied by decreased shoot dry mass/height ratio, leading to changes in tree architecture and shoot to root balance. Reduced root/shoot biomass ratio may promote susceptibility to water and nutrient deficiencies, leading to impaired belowground competitiveness. Furthermore, changes in crown and root balance may affect plant mechanical stability. Such changes may predispose trees to parasite attack and winter damage, and limit plant productivity through modified resource acquisition and nutrient status. Previously, Küppers (1994) and Matyssek and Innes (1999) suggested that shifts in resource allocation among organs and disturbed assimilate transport, rather than reduced productivity, were critical responses of forest trees to chronic O 3 stress. In trembling aspen, O 3 -induced reductions in root growth of up to 45% in potted trees and 17% in a field experiment have been reported . There are several possible explanations for the observed reduction in root growth in response to O 3 exposure: decreased photosynthetic rate leading to reductions in available carbon (cf. Saxe 1991 , Skärby et al. 1998 ; disturbed phloem loading and transport to the belowground system (Matyssek et al. 1992 ; diversion of sucrose to non-transportable compounds (Friend and Tomlinson 1992) ; and increased carbon demand for repair or shoot compensation reactions (Pearson and Mansfield 1994) . The latter mechanism provides the most likely explanation of our data. We conclude that Finnish hybrid aspen is highly responsive to increases in tropospheric O 3 concentration, as reported for other Populus species. The chamber experiment indicated that O 3 sensitivity has a strong genetic component. The free-air O 3 enrichment experiment demonstrated that O 3 caused alterations in whole-plant allocation, leading to changes in shoot/root biomass ratio. Our results indicate the need for long-term, open-field experiments with a wide range of hybrid aspen clones to determine their O 3 sensitivity before selection for large-scale plantations in Finland.
